Excitatory synaptic inputs from specific brain regions are often targeted to distinct dendritic arbors on hippocampal pyramidal neurons. Recent work has suggested that CA2 pyramidal neurons respond robustly and preferentially to excitatory input into the stratum lacunosum moleculare (SLM), with a relatively modest response to Schaffer collateral excitatory input into stratum radiatum (SR) in acute mouse hippocampal slices, but the extent to which this difference may be explained by morphology is unknown. In an effort to replicate these findings and to better understand the role of dendritic morphology in shaping responses from proximal and distal synaptic sites, we measured excitatory postsynaptic currents and action potentials in CA2 pyramidal cells in response to SR and SLM stimulation and subsequently analyzed confocal images of the filled cells. We found that, in contrast to previous reports, SR stimulation evoked substantial responses in all recorded CA2 pyramidal cells. Strikingly, however, we found that not all neurons responded to SLM stimulation, and in those neurons that did, responses evoked by SLM and SR were comparable in size and effectiveness in inducing action potentials. In a comprehensive morphometric analysis of CA2 pyramidal cell apical dendrites, we found that the neurons that were unresponsive to SLM stimulation were the same ones that lacked substantial apical dendritic arborization in the SLM. Neurons responsive to both SR and SLM stimulation had roughly equal amounts of dendritic branching in each layer. Remarkably, our study in mouse CA2 generally replicates the work characterizing the diversity of CA2 pyramidal cells in the guinea pig hippocampus. We conclude, then, that like in guinea pig, mouse CA2 pyramidal cells have a diverse apical dendrite morphology that is likely to be reflective of both the amount and source of excitatory input into CA2 from the entorhinal cortex and CA3.
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| INTRODUCTION
In his 1934 study of the Cornus Ammonis (CA), Lorente de Nó subdivided the hippocampal cortex into four fields (CA1-CA4) based on morphological differences of the principal excitatory neurons, pyramidal cells, as well as on the specific connectivity between each field (Lorente de Nó, 1934) . Recent work has shown that CA2 is indeed a separate hippocampal subregion that plays important roles in cognitive behaviors, including novelty detection Wintzer, Boehringer, Polygalov, & McHugh, 2014) , social memory (Hitti & Siegelbaum, 2014; Pagani et al., 2015; Smith, Williams Avram, Cymerblit-Sabba, Song, & Young, 2016) , and spatial coding Kay et al., 2016; Lee, Ferrari, Vallortigara, & Sovrano, 2015; Lu, Igarashi, Witter, Moser, & Moser, 2015; Mankin, Diehl, Sparks, Leutgeb, & Leutgeb, 2015; Oliva, Fernandez-Ruiz, Buzsaki, & Berenyi, 2016) .
Pyramidal neurons in CA2 differ from those in CA1 and CA3 in excitatory input circuitry, synaptic plasticity, and protein expression (Cui, Gerfen, & Young, 2013; . They receive selective and prominent excitatory inputs from the supramammillary nucleus of the hypothalamus (SuM) (Borhegyi & Leranth, 1997; Kocsis & Vertes, 1994; Magloczky, Acsady, & Freund, 1994) , and like CA3, a direct excitatory drive from the entorhinal cortex (EC), primarily from cells in layer II (Chevaleyre & Siegelbaum, 2010; Kohara et al., 2014; Srinivas et al., 2017) . Interestingly, CA2 pyramidal neurons were reported to have an atypically strong excitation response to ECII stimulation compared with ECIII inputs to CA1 (Sun, Srinivas, Sotayo, & Siegelbaum, 2014) . This phenomenon has been attributed to more extensive dendritic branching of CA2 pyramidal neurons within the stratum lacunosum moleclulare (SLM) than CA1 neurons and to the presence of local dendritic sodium spikes in CA2 distal apical dendrites not found in distal apical dendrites of CA1 (Sun et al., 2014) . Excitatory synapses onto CA2 pyramidal neurons in the stratum radiatum (SR) are also resistant to synaptic plasticity (long term potentiation, or LTP, and to some degree long term depression, or LTD; M. Zhao, Choi, Obrietan, & Dudek, 2007) and display unique pharmacology in inhibitory synaptic plasticity (Leroy, Brann, Meira, & Siegelbaum, 2017; Nasrallah, Piskorowski, & Chevaleyre, 2015; Piskorowski & Chevaleyre, 2013) . CA2 neurons also have distinct expression patterns for several proteins, such as purkinje cell protein 4 (PCP4; Zhao et al., 2001) , regulator of G-protein signaling 14 (RGS14; Lee et al., 2010) , and the cellular adhesion molecule AMIGO2 (Lein, Callaway, Albright, & Gage, 2005; Lein et al., 2007) . This molecular signature further distinguishes CA2 from neighboring CA1 and CA3 regions.
Finally, morphology of CA2 pyramidal neurons is distinct from neighboring CA1 and CA3 hippocampal subfields in rodents. As early as 1934, Lorente de Nó recognized the morphological diversity in pyramidal neurons between hippocampal subregions in a number of species (Lorente de Nó, 1934) . In the late 20th century, a comprehensive morphometric analysis of dendritic organization of rat hippocampal pyramidal cells by Ishizuka et al. noted a number of characteristics that differentiated CA1, CA2, and CA3 pyramidal neurons, including total dendritic length, cell body size, 1 and 2 apical dendritic branching, and the absence of thorny excrescences in CA1 and CA2 (Ishizuka, Cowan, & Amaral, 1995) . More recent findings by Li et al. (2017) and Sun et al. (2017) have shown that CA1 and CA3, respectively, display a heterogeneous dendritic structure. Interestingly, nearly two decades earlier, Bartesaghi & Ravasi (1999) identified four distinct subtypes of CA2 pyramidal cells (Ma, Mb, Mc, and B cells) in guinea pig CA2 based on 1 apical dendrite morphology, indicating that a particularly heterogeneous population of pyramidal neuron morphologies also exists in CA2.
The aim of this study was to determine whether neurons in mouse CA2 share the four morphologically distinct CA2 pyramidal cell subtypes observed in guinea pig. In addition, we further sought to identify functional variations that may result from the differential morphologies. Here we report that, like in guinea pig, mouse CA2 pyramidal cells can be separated into distinct subtypes based on a number of objective morphometric criteria. Furthermore, we determined that certain types of CA2 neurons receive both effective cortical and Schaffer collateral (SC) excitatory input while a portion of them notably lack appreciable excitatory drive from EC as measured with electrical stimulation in the SLM. These findings raise the question of whether the different CA2 pyramidal cell subtypes and the associated differences in excitatory input play distinct roles in CA2 function.
| MATERIALS AND METHODS

| Intracellular recordings and biocytin filling
All experimental procedures were approved by the Animal Care and
Use Committee of NIEHS and were in accordance with the National Whole-cell recordings were made from Amigo2-GFP-expressing CA2 neurons in the pyramidal cell layer using pipettes (3-5 MΩ resistance) filled with a solution containing the following (in mM):
135 K-gluconate, 5 KCl, 0.1 Na-EGTA, 10 HEPES, 2 NaCl, 5 Mg-ATP, 0.4 Na-GTP, 10 Na 2 -phosphocreatine, 0.5% w/v biocytin (SigmaAldrich, St. Louis, MO) pH 7.2 HCl/KOH. Data were collected using either Clampex 10.6 or Patchmaster software and analyzed using Clampfit 10.6 or Fitmaster software (Molecular Devices, Sunnyvale, CA. Heka Instruments Inc. Holliston MA, respectively). Series and input resistances were monitored by measuring the response to a 10 mV step at each stimulation. The liquid junction potential was 10 mV, and membrane potentials reported were corrected accordingly. Recordings were not compensated for series resistance. Stimulating electrodes (cluster-type) from FHC (Bowdoinham, ME) were used to evoke excitatory postsynaptic currents (EPSCs; in voltage clamp mode) or action potentials (in current clamp mode). Shaffer collateral-stimulating electrodes and perforant path stimulating electrodes were placed, in close proximity to CA2, in the CA3 side of the SR and in the CA1 side of the stratum lacunosum moleculare (SLM).
Responses were evoked with either a single pulse (for EPSCs, measured in voltage clamp mode from a holding potential of −60 mV) or five pulses at 100 Hz (to induce action potentials, measured in current clamp mode) in an effort to match the conditions described by Sun et al. (2014) . Stimulus pulses in both cases were 200 μs in duration.
| Immunohistochemistry
Post-recording, brain slices were immediately transferred to 4% para- and included three centers with 20 random start sets with the Pearson method for distance (Lucas, 2014) . See supplement for details on Kmeans clustering analysis.
| Quantification and statistical analysis
Using a previous study of CA2 pyramidal cell morphologies as a guide (Bartesaghi & Ravasi, 1999 ), a power analysis was performed to determine the number of cells required for statistical significance using SAS/STAT(R) 14. Neuronal tracing of high-resolution confocal images of individual biocytin/streptavidin stained Amigo2-GFP positive mouse CA2 pyramidal neurons allowed us to classify 1 and 2 apical dendrites based on diameter, with 1 dendrites defined as those with diameters >3.0 μm (1 : 3.26 AE 0.14 μm, 2 : 1.76 AE 0.18 μm, n = 55 cells, Figure 2a ). These differences in diameter were then used as criteria to identify 2 apical dendrite branch points derived either from 1 apical dendrites or from other 2 apical dendrites. Measurements of pyramidal cell 1 apical dendrite lengths, total 2 apical dendrite branch number, SR and SLM 2 apical dendrite branch numbers, 2 apical dendrite branch SR/SLM ratio, and total apical dendrite surface areas (subsequently divided into SR and SLM sub-area measurements as well as SR/SLM apical dendrite surface area) were used to create CA2 pyra- Utilizing the 1 apical dendrite length and 2 apical dendrite branch numbers (specifically, 1 apical dendrite length, 2 apical branch number SLM, and 2 apical branch number SR/SLM ratio), we set out to unbiasedly classify each cell into one of the three groups (representing the three M cell subtypes) using Kmeans clustering, an unsupervised machine learning method used previously to identify morphologically distinct subclasses of CA1 pyramidal neurons in mice (Li et al., 2017) . To visualize the Kmeans clustering, we performed a PCA with the same subset of the cell morphometric data and colored the three groups based on the Kmeans clustering. As seen in Table 1 ). We refer to these as Ma-like cells in the remainder of the manuscript.
Finally, plotting the cells by length of the 1 apical dendrite and color coding each cell according to the PCA clustering indicated that although Ma-and Mb-like cells had similar 1 apical dendrite lengths (see Table 1 ), a third group of PCA-identified pyramidal cells, had significantly greater dendrite lengths, which often extended into the SLM (see Table 1 ; gray bars in Figure 2d ). Table 1 We also examined the differences in SR, SLM and total apical dendrite areas between Ma-, Mb-, and Mc-like CA2 pyramidal cell subtypes identified in mouse. We measured total dendritic area for each cell according to its classification and plotted the total areas for each cell according to its designated cell type (Figure 4a ). We found that total apical dendritic area was not significantly different between Ma-and Mc-like cells, but Mb-like cells had significantly less total apical dendrite areas than either Ma-or Mc-like cells (Figure 4a , Table 1 ).
We next separated apical dendrite areas for each cell type into their SR and SLM components using the same boundaries illustrated (Figure 4d , Table 1 ).
| Apical dendrite morphology is reflected in electrophysiological properties of CA2 pyramidal cells
Mouse pyramidal neurons differ in their electrophysiological properties across CA1, CA2, and CA3 hippocampal sub-regions, and also vary within each sub-region (Mercer, Trigg, & Thomson, 2007; Sun et al., 2017) . The cytological features we observed from CA2 pyramidal neuron apical dendrites suggest that different cell types may have different electrophysiological properties and be engaged differently by excitatory inputs from intra-and extra-hippocampal regions of the Figure 5a , Table 2 ). However, we did observe differences in input resistance (IR) and capacitance, which were both significantly smaller in SLM (Figure 4c Table 3 ).
| Apical dendrite morphology is reflected in action potential firing in CA2 pyramidal cells
Another measure of AP responses that may differ between cell types is spike frequency adaption. This phenomenon, whereby the inter-spike interval gradually increases during a depolarizing current pulse, has been attributed to inactivation of depolarizing currents and changes in activity-dependent activation of slow hyperpolarizing currents (Benda & Herz, 2003) . We measured the intervals between the first to second AP (first interval), second to third (second), third to fourth (third), and fourth to fifth (fourth) AP spikes. None of these intervals differed between Ma-, Mb-, and Mc-like cells (Figure 8g , Table 3 ), indicating that spike frequency adaption was unlikely to explain any differences in synaptically induced firing seen in these cell types. neuron subtype morphological and electrophysiological differences based on hippocampal subregion (Ishizuka et al., 1995; Mercer et al., 2007; Srinivas et al., 2017) and within hippocampal subregions (Bartesaghi & Ravasi, 1999; Li et al., 2017; Sun et al., 2017) . In this study, we attempted to determine if a heterogeneous population of pyramidal neurons exists in mouse CA2 similar to that in guinea pig, and if so, whether the heterogeneity can result in any consequential physiological properties.
| DISCUSSION
Although morphological classifications have historically been made visually, we instead sought to determine a classification of these distinct subtypes without subjective bias using a modified unsupervised Pearson's correlation machine-learning method initially used to identify distinct morphological CA1 pyramidal subtypes in mice (Li et al., 2017) . Utilizing nine neuronal morphological measurements, the algorithm determined that the CA2 neurons clustered into three distinct groups. This delineation was then further validated independently by a Kmeans and PCA of three data subsets from the full Pear- Visual examination of the three CA2 pyramidal neuron populations from postnatal day 30-45 Amigo2 GFP-expressing mice demonstrated a morphological heterogeneity similar to that found in the adult guinea pig (Bartesaghi & Ravasi, 1999) . Consistent with this previous work, we were able to identify cell types in mouse CA2 that closely resembled the monoapical (M) and biapical (B) cells described in guinea pig (Figure 1 ). Like guinea pig CA2 neurons, mouse monoapical cells had a single, large diameter 1 apical dendrite extending from the soma while biapical cells had at least two large diameter apical dendrites extending from the soma. Also similar to the guinea pig study, we found that mouse B cells were very rare, as we were only able to positively confirm one of the 56 cells as a B-like cell that was positive for GFP, PCP4, or RGS14. Also similar to guinea pig, there did not appear to be a selective localization of cell types within CA2 in that each mouse CA2 pyramidal cell subtype appeared along the proximal-distal axis within CA2 (data not shown).
Interestingly, our three identified mouse CA2 pyramidal cell subsets were morphologically similar to the monoapical CA2 pyramidal cell subtypes (Ma, Mb, and Mc) Bartesaghi and Ravasi described in guinea pig (Bartesaghi & Ravasi, 1999) . Based on apical dendrite mor- The majority of the apical dendrite area in the Mb-like cells resided in the SR, with on average <20% of the apical dendritic area in the SLM. Intriguingly, several labeled Mb-like cells had no measurable apical dendritic area in the SLM at all (See Figure 2) . In contrast, Ma-and
Mc-like cells predominantly had SR/SLM ratios closer to one, indicating a more even distribution of apical dendrites in the SR and SLM.
As might have been expected based on the cytological differences between cell types, the electrophysiological properties of the subtypes, on average, differed as well. All three cell types had similar resting membrane potentials, but Mb-like cells had significantly lower IRs and capacitances than either Ma-or Mc-like cells (Figure 5b ,d, Table 2 ). The smaller overall apical dendritic area of the Mb-like cells, largely due to the lack of significant dendrite extension into the SLM compared with Ma-and Mc-like cells, most likely accounts for these differences in IR and capacitance observed ( Figure 4a , Table 1 ).
Like CA1 and CA3, CA2 hippocampal pyramidal neurons receive excitatory input from a variety of extra-and intra-hippocampal sources. CA2 pyramidal neurons have been shown to receive excitatory input from mossy fibers from the dentate gyrus (DG) and SCs from CA3 that form synapses primarily onto proximal apical dendrites in the stratum radiatum (Lorente de Nó, 1934) . CA2 neurons also receive excitatory synaptic input on more distal apical dendrites local- inactivation of depolarizing currents (Benda & Herz, 2003) , was also indistinguishable between Ma-, Mb-, and Mc-like cells (Figure 8f ).
These data indicate that the differences seen during SLM-stimulated EPSC and AP responses are best explained by differences in apical dendrite morphology and not intrinsic properties of each cell type.
The differences observed in apical dendrite morphology in mouse CA2 pyramidal neurons may significantly influence overall hippocampal function. The fact that certain CA2 pyramidal neurons receive excitatory input from both the DG-CA3-CA2 intrahippocampal pathway as well as extra-hippocampal cortical regions such as EC layer II, while other cells do not raises a number of important questions. Previous reports have noted that EC inputs provide a strong excitatory drive to CA2 pyramidal neurons via synapses onto distal dendrites in the SLM and can undergo LTP (Chevaleyre & Siegelbaum, 2010; Kohara et al., 2014; Sun et al., 2014) . In contrast, SC inputs to CA2 were reported to be relatively weak, are dominated by strong feed-forward inhibition, and do not readily induce synaptic plasticity (Chevaleyre & Siegelbaum, 2010; Zhao et al., 2007) . Interestingly, our data fail to support the conclusion that synapses in SLM are more effective than those in SR, in any of our cell types, measured either with excitatory currents or action potential recruitment (Chevaleyre & Siegelbaum, 2010; Sun et al., 2014) . We note that even in the Ma-and Mc-like neurons, stimulation in the SLM and SR were comparable in their effectiveness, similar to what was reported by Piskorowski and Chevaleyre (2013) . Although it is certainly possible that different angles of slice cutting could account for the differences between labs, we do not believe that the Mb-like characterization (and lack of response to SLM stimulation) was due to any severing of the distal dendrites; we confirmed that our Mb-like cell dendrites were not abutting the edge of the slices. At present, however, our data cannot explain why some preparations seem to favor the SLM synapses over those in SR (Chevaleyre & Siegelbaum, 2010; Sun et al., 2014) .
With the differential signaling strength from CA3 and EC, what is the significance of one subtype of CA2 pyramidal cells ability to respond to both SC and EC stimulation while the other subset only responds to SC input? Also, do certain CA2 pyramidal cell subtypes selectively project to one region of the brain while another subset projects to another region providing a preferential forward signaling depending on the source of excitatory drive into CA2? Interestingly, a recent report described a population of CA2 neurons that appeared to fire in a way that was negatively correlated with sharp-wave ripples, suggestive of at least one distinct functional phenotypes (Kay et al., 2016) . CA2 pyramidal neurons have been shown to send axonal projections to CA1 and CA3, as well as back upon CA2 itself and to several extrahippocampal targets including the lateral septum (Cui et al., 2013; Shinohara et al., 2012) . Thus, specific CA2 cell subtypes may project differentially to distinct areas, and so certainly warranting further study. As more evidence indicates that CA2 is a critically impor- 
